A study was conducted to clarify flame characteristics through the evaluation of critical mole fractions at flame extinction and edge-flame oscillation of low strain rate flames using the global strain rate, velocity ratio, and burner distance as experimental variables. The transition from a shrinking flame disk to a flame hole was verified through gradient measurements of the maximum flame temperature. Evidence of edge-flame oscillation in flame disks was also found using numerical simulations in zero and normal gravity. The main mechanisms of flame extinction and edge-flame oscillation were analyzed by comparing the energy fractions in the energy equation. For low strain rate flame disks, radial conduction heat loss rather than flame radiation was a significant contributor to flame extinction and even edge-flame oscillation. This was experimentally demonstrated by evaluating the critical mole fraction at flame extinction and edge-flame oscillation, as well as measurements of the flame temperature gradient along the flame disk surface. These results suggest that low strain rate flame responses are determined not only by one-dimensional flame responses, but also by multi-dimensional flame responses such as radial conduction heat loss. The results also show that extinction of low strain rate flames is more probably due to multi-dimensional heat losses than to radiative extinction. 
INTRODUCTION
Multivalued flame responses have been traditionally well explained by the S-curve. Turbulent flames are perforated (flame-hole formation) in places where the scalar dissipation rate exceeds some critical value. The local scalar dissipation rate decreases at the place where the formed flame hole moves downstream in turbulent jet flames. Then the edge flame, which is formed at the flame edge in the flame hole and is intrinsically dynamic, is forced to move to a middle branch when the jet flame evolves downstream. It is also finally forced forward to the upper branch through re-ignition (ignition wave) or to the lower branch (failure wave) in unstable situations. Although this dynamic ingredient of the edge flame can be still resolved using the onedimensional edge-flame model, edge flames, in their simplest manifestation, are best understood in the context of multivalued one-dimensional systems [1, 2] . A variety of research has been devoted to clarifying the dynamic aspect of edge flames [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Most research efforts, however, have been devoted to understanding the flame response of high strain rate (or scalar dissipation rate) flame, including the dynamic characteristics of edge flames and stretch extinction.
However, microgravity experiments have indicated that the flame extinction of low strain rate diffusion flame may correspond to a limit defined by radiative heat loss [14] . The chemical energy in quasi-steady low strain rate flame is determined by the balance between the normal heat conduction loss to the flame surface or radiative heat loss. This could be reasonable in a one-dimensional flame system where the flame radius is relatively large and thus the flame is assumed to behave like a one-dimensional flame. However, Park et al. [15] recognized that flame extinction originates in the outer region and progresses to the flame center, accompanying the reduction of the flame length in low strain rate flames. This study presents the important finding that low strain rate flame responses such as flame extinction are affected by multidimensional effects. In addition, the concentration configuration of the outer flame edge is that of a partially premixed edge flame, as shown in Fig. 1 . The shrinkage of the flame disk, an island of flame surrounded by a non-reacting mixture domain, may exhibit a complicated aspect for low-strain rate counterflow flame. The flame characteristics may be dependent upon radial conduction heat loss, fuel Lewis number, and the local strain rate of the outer edge flame as well as flame radiation. A previous study [15] also indicated that an increase in the global strain rate suppressed edge-flame oscillation and an increase in the radial conduction heat loss reduced the critical fuel Lewis number for edge-flame oscillation. These results were consistent with other previous results [16] [17] [18] showing that appropriate heat losses may result in edge-flame oscillation even for fuel Lewis numbers near unity.
During the course of this study, experiments and simulations of low strain rate flames were conducted to clarify the importance of multidimensional effects on flame extinction and edge-flame oscillation in zero and normal gravity because there has been little physical explanation or hard evidence of these phenomena under such conditions. Numerical simulations were conducted to analyze edge-flame oscillation through an analysis of the energy fraction in zero and normal gravity. Flame stability maps, including the regime of edge-flame oscillation, were developed in terms of the global strain rate, velocity ratio, and burner distance to verify multidimensional effects experimentally in normal gravity. Flame temperature measurements along the flame surface were also made to quantify radial heat loss through the comparison of gradients in the flame temperature. Buoyancy effects were evaluated through measurements of the burner wall temperature.
Figure 1:
Low strain rate counterflow flame configuration and its physical description. Figure 2 shows schematic diagrams of a counterflow burner and its flow system. The counterflow burner with an inner diameter of 26 mm is equipped with a compartment to remove external disturbances. Fuel is supplied from the upper nozzle to force the flame to be located away from the upper nozzle because the flame zone forms on the air side. A nitrogen curtain flow is also used to prevent external flame disturbance and to remove any redundant outer flame held by the wake flow. The volume flow rate of the nitrogen curtain flow is fixed at 10 L/min. A water jacket in the upper nozzle is used to cool the burner surface. Exhaust gases are sucked through several pipes by a vacuum pump, and pass through the water jacket. A series of fine-mesh steel screens impose plug-flow velocity profiles at the exits of the burner duct nozzles. The fuel used was high-grade methane with a purity of 99.95%. The nitrogen was also 99.95% pure, and the purity of the air was 99.995%. The mass flow rates of fuel, air, and diluents were regulated by individual mass flow controllers. The dynamic behavior of oscillating flames were captured by a digital camera and analyzed using a personal computer. The fuel Lewis numbers for the experiments diluted with nitrogen were in the range of 0.74 -0.95, and the oxidizer Lewis number was 1.050. Nitrogen was selected as a diluent since its fuel Lewis number is less than unity. While this might make it difficult for flames to oscillate without appreciable heat loss, it highlights the importance of heat loss effects in flame oscillation if any flame oscillation even appears under these conditions.
EXPERIMENTAL SETUP AND METHODS

Figure 2:
Schematic diagrams of counterflow burner and flow system.
The global strain rate in these experiments was in the range 8 -60 s -1 . The global strain is defined as [19] (1)
where V r is defined as V r = V f /V a , which is the velocity ratio between the exit velocities of the upper and lower duct nozzles. The parameters V and ρ are the velocity and density of the reactant stream at the duct boundary, respectively, while L is the duct separation distance, and the subscripts a and f represent the air and fuel streams, respectively. The experiments were conducted by increasing the added nitrogen flow rate while maintaining a constant global strain rate. A software-based package was used to control these procedures. Therefore, the increase of fuel and oxidizer flow velocities could control the global strain rate while V r and L were held constant.
An R-type thermocouple with a diameter of 0.075 mm was used to measure the flame temperature. Measurements were performed in the radial direction every 0.5 mm to determine the radial heat loss and to find the difference in characteristics between low and high strain rate flames. In our study, the axial axis was defined by the normal direction to flame surface and the radial axis by the radial direction.
NUMERICAL METHODS
A time-dependent two-dimensional axisymmetric configuration was used in the computations for the counterflow of non-premixed flame. Since the fluid velocity considered here is very low in comparison to the velocity of acoustic wave propagation, a set of model-free equations with a low Mach number approximation [20] was used. The governing equations to be solved may be written as follows:
where p 0 and p 1 represent the thermodynamic and hydrodynamic pressures, respectively. In addition, u is the velocity vector, T is the temperature, ρ is the density, Y i is the mass fraction of species i, h i 0 is the heat of formation of species i, ω . i is the production rate of species i, c pi is the specific heat of species i, and R 0 is the universal gas constant. The D im is the mixture-averaged diffusion coefficient, which is written in the following form
where D ji is the binary diffusion coefficient and X j is the mole fraction of species j. The Soret and Dufoue effects were not considered. The QUICK [21] and second-order central difference schemes were used to discretize the convection and diffusion terms of the governing equations on a staggered grid system. A predictor-corrector scheme [22] was used to obtain a stable solution for the reacting flow field with a stiff density variation. A second-order Adams-Bashforth scheme in the predictor step and a second-order quasi Crank-Nicolson scheme in the corrector step were used for the time integration of the species and energy equations, respectively. A second-order Adams-Bashforth scheme was used in both the predictor and corrector steps for the time integration of the momentum equation. Efficient algebraic computation for the velocity-pressure correction was performed using a highly simplified marker and cell method [23] , which was modified to account for the density variation. We used the CHEMKIN-II [24] and TRANFIT [25] packages to calculate the thermodynamic and transport properties. The details of the numerical methods can be found elsewhere [26] .
A non-uniform 900 × 400 grid system was used for the 90 × 40-mm computational domain with an individual minimal grid spacing of 0.05 mm in both the radial and axial directions in the region of interest. Because a global reaction mechanism was used in the computations, the smallest length scale in these laminar flames was in the heat release rate region. Generally, at least 10 grid points are needed to resolve the heat release rate region. A grid sensitivity test was conducted for a number of limiting flame conditions in which three grid sizes (dx) were examined: 0.01, 0.05, and 0.1 mm. The results for dx = 0.05 mm were within 0.15% and 0.10% for the maximum temperature and extinction limits, respectively, of the results obtained using dx = 0.01 mm for the simulation of normal gravity flames (a g = 7 s -1 ). Symmetry boundary conditions were applied for the velocities, species mass fractions, and temperature on the centerline. The uniform inflow velocity profile was enforced on each nozzle outlet, and a slip boundary condition was applied to the outside boundary. The top and bottom sides were treated as an outflow boundary, because the incoming flow escaped mainly from the upper boundary in normal gravity. No-slip and Neumann boundary conditions were used for the velocity on the burner walls and its gradient, respectively. The inflow temperatures for the fuel, air, and curtain streams were set to 298 K, and the wall temperature was also assumed to be 298 K. The curtain-flow velocity was 0.767 m/s. A three-step irreversible reaction mechanism [27] for methane oxidation was used in the twodimensional computation. The reaction mechanism used in this study was with the reaction rates in units of kmole/m 3 ·s. Figure 3 shows the temporal variation of the heat release rate contours for the conditions of V r = 1, a g = 7 s -1 , X N2 = 0.82, and L s = 15 mm in zero gravity, and V r = 4, a g = 14 s -1 , X N2 = 0.809, and L = 18.34 mm in normal gravity. The time zero was taken as the time when the flame radius was minimum during the temporal evolution. Figure  3 shows that both the zero-gravity and normal-gravity flames oscillated, although the oscillation frequency of the zero-gravity flame (about 10 Hz) was much faster than that of the normal-gravity flame (about 1 Hz). It should be noted that the fuel Lewis numbers in the zero-gravity and normal-gravity flames were 0.938 and 0.943, respectively. This implies that those flames should not oscillate without the help of appreciable heat losses since the fuel Lewis numbers were less than unity [16] [17] [18] . 
RESULTS AND DISCUSSION
where C x and C r are the axial and radial convection terms, D x and D r are the axial and radial diffusion terms, M x and M r are the axial and radial interdiffusion terms, R s is the radiation heat loss term, and C S is the chemical source term.
Temporal evolution of heat release rate in zero gravity for (a) V r = 1, a g = 7 s -1 , X N2 = 0.82, and L = 15 mm; and in normal gravity for (b) V r = 4, a g = 14 s -1 , X N2 = 0.809, and L = 18.34 mm. Figure 4 shows the temporal variation of the energy fractions at the center and near the edge of a flame in zero gravity, with V r = 1, a g = 7 s -1 , X N2 = 0.82, and L = 15 mm. Figure  5 shows the same for a normal-gravity flame with V r = 4, a g = 14 s -1 , X N2 = 0.809, and L = 18.34 mm. The edge of the flame is considered to be the point at which the radial conduction heat loss term is a maximum. In all cases, the transient term is negligible, even in the unsteady state. At the center point of the zero-gravity flame in Fig. 4a , the axial conduction heat loss term is dominant, whereas the radiation heat loss shows a minor contribution and the others are negligible. That is, the flame response is determined mainly by the balance between the chemical energy and the axial conduction heat loss at the flame center. At the edge of the zero-gravity flame in Fig. 4b , major heat loss is still responsible for the axial conduction heat loss term; however the contribution of the radial conduction heat loss term becomes significant comparable to the axial conduction heat loss term, even though the contribution of the radiation loss is minor. In general, the flame strength (maximum flame temperature) based on the one-dimensional flame response is determined by the balance between the chemical energy and conduction heat loss normal to the flame surface. Additive heat loss therefore reduces the flame strength due to the relative reduction of conduction heat loss normal to the flame surface. It was therefore observed at the flame edge in Fig. 3b that the radial conduction heat loss plays an important role in the reduction of the flame strength. This is the reason why the outer edge of the flame in the flame disk oscillates in the low strain rate flame, even in zero gravity. 0.938 and 0.943, i.e., less than unity. This means that flame oscillation may not occur without the help of an appreciable heat loss [16] [17] [18] . As in the zero-gravity flame, radial conduction heat loss in the normal-gravity flame plays an important role in reducing the flame strength at the flame edge. Heat absorption through radial convection exists at the flame edges in zero-and normal-gravity flames, as shown in Figs. 4b and 5b . Furthermore the heat absorption in normal gravity is much larger than in zero gravity, reaching a maximum when the lapse time is 0.42 s (maximum flame length) at the flame edge. This is because the radial velocity in normal gravity is much larger than that in zero gravity, and the radial temperature gradient at 0.42 s is larger than that at 0 s. Therefore, the edge-flame oscillation is due to radial conduction heat loss in zero and normal gravity. In general, the flame extinction of low strain rate flame is due to flame radiation [14] . This may be true if the burner diameter and separation distance between nozzles are infinite. However, most experiments with counterflow flame have been conducted with a finite burner diameter and separation distance. The contribution of the radial conduction heat loss to flame extinction predominates in most experiments. Our experiments were motivated by the edge-flame oscillation due to the radial conduction heat loss in zero and normal gravities shown in Fig. 3 . Figure 6 depicts the variations of critical mole fractions at flame extinction with global strain rate in terms of burner distance at velocity ratios of 2, 3, 4, and 5. Critical nitrogen mole fractions at flame extinction collapse into one curve for high strain rate flames at all burner distances and all velocity ratios, as in the one-dimensional flame response. We will show later that flame lengths of high strain rate flames are large and temperature gradients along the flame surface are small or even positive. We confirmed that high strain rate flame extinction is due to stretch extinction. Meanwhile, the turning points of the global strain rate increase as the burner distance decreases and as the velocity ratio increases. Critical mole fractions at flame extinction increase as the burner distance increases and as the velocity ratio decreases for low strain rate flames. Increase in the burner distance and the global strain rate contribute to flame stabilization since these represent an increase of the Peclet number [17] . However, the trend related to the velocity ratio cannot be so easily explained. The flame length, which is an inverse indicator of radial conduction heat loss, must decrease with increasing velocity ratio, as shown in this equation:
, where l f is the flame length. We examined variations in flame length to verify this point. Figure 8 shows the variations of mean flame length at extinction with global strain rate in terms of burner distance at velocity ratios of 2, 3, 4, and 5. The flame length increased as the global strain rate and burner distance increased, and as the velocity ratio decreased. This is consistent with the behavior of the critical mole fraction at extinction shown in Figs. 3 and 4 . No edge-flame oscillation was observed in previous microgravity studies conducted with a burner diameter of 10 mm [14] . This occurred because the flame suffered from extremely large radial conduction heat loss due to the small diameter. The flame was thus extinguished directly without prior oscillation. The flame was also extinguished in an inwardly shrinking manner (shrinking flame disk) without edge-flame oscillation in our preliminary experiments with an inner diameter of 10 mm in a normal-gravity environment. However, the numerical results in Fig. 3 showed that edge-flame oscillation appeared with a nozzle diameter of 26 mm, and the flame length was less than the burner diameter. This was the reason why we conducted the experiments with a nozzle diameter of 26 mm. The reason why no edge-flame oscillation was observed in previous microgravity studies [14] was because of excessive radial heat loss.
Figure 7:
Temporal variation of radial flame length in terms of burner distance at flame extinction conditions for a velocity ratio of 4 and a strain rate of 12 s -1 .
We simulated edge-flame oscillations in zero and normal gravity, and this led to questions about the regime of edge-flame oscillation. Figure 9 displays variations of the oscillatory regime and the onset condition of the edge-flame oscillation with the global strain rate a function of the burner distance for a velocity ratio of 4. Increase in the global strain rate and burner distance reduced the edge-flame oscillation. This can be explained by the increase of Peclet number that contributes to flame stabilization [17] . Previous studies have shown that appropriate heat losses may result in edge-flame oscillation, even for Lewis numbers of unity [16] [17] [18] , as in one-dimensional flames. 
Figure 8:
Variations of mean flame length at extinction with global strain rate in terms of burner distance at velocity ratios of (a) 2, (b) 3, (c) 4, and (d) 5.
Margolis [28] and Buckmaster [29] have shown that heat losses to a burner rim induce one-dimensional oscillations in a premixed flame, even with a Lewis number of unity.
In our experiments, the fuel Lewis number at the onset of edge-flame oscillation was in the range 0.75 -0.95, as shown in Fig. 9 . This implies that the critical fuel Lewis number for edge-flame oscillation can be reduced to less than unity with the help of radial conduction heat loss.
Figure 9:
Variations of the oscillatory regime and the onset condition of edge-flame oscillation with global strain rate according to the burner distance at a velocity ratio of 4.
Global Strain rate, s Flame extinction and flame-edge oscillation may also be quantified through flame temperature measurements near the flame surface and thus the temperature gradients. These measurements would also show the difference between the flame responses for low and high strain rate flames. Figure 10 shows the radial distribution of flame temperature along the flame surface as a function of global strain rate for a velocity ratio of 2 with burner diameters of 15, 16.67, 18.34, and 20 mm. Figure 11 shows the same for a burner distance of 20 mm with velocity ratios of 2, 3, and 4. All the flame temperatures along the flame surface were measured at dilution conditions of 90% of the critical mole fraction at flame extinction because the insertion of the thermocouple near the extinction condition directly extinguishes flame. For high strain rate flames, the maximum temperatures appeared at the outer flame edge over the turning point whereas the minimum temperatures did not occur at the flame center but at a finite location from the flame center. These flames may correspond to a transient regime between low strain rate flames and high strain rate flames, so that minimum flame temperatures for much higher strain rate flames may appear at the flame center. However, for low strain rate flames, the flame temperature indicated a maximum at the center point, and decreased monotonically with radial distance. That is, the temperature gradient along the flame surface for low strain rate flames had a negative gradient. We have confirmed that low and high strain rate flames suffer from different extinction mechanisms. For low strain rate flames less than the turning point, the flame extinction starts at the outer flame edge and progresses to the flame center. This flame extinction is a feature of a shrinking flame disk that can be found only in low strain rate flames, and has been reported only rarely. Otherwise, flame extinction starts from the location of the minimum flame temperature, and then the flame hole expands in high strain rate flames. This flame extinction is typical of a flame hole [1, 2] . Figure 12 shows the maximum temperature gradients along the flame surface with the global strain rate in terms of burner distance with a fixed velocity ratio of 2, and the velocity ratio at a fixed burner distance of 20 mm. All flame temperatures higher than 1350 K were used to attain the flame temperature gradient for low strain rate flames less than the turning point. The flame temperature gradients were measured with flame temperatures from a minimum to a maximum for high strain rate flames above the turning point. Therefore the magnitudes of the negative temperature gradient reflect the degree of radial heat loss for low strain rate flames; the zero temperature gradient implies the transition of the flame characteristics from a shrinking flame disk to a flame hole for high strain rate flames. The radial heat loss is inversely proportional to the global strain rate and burner distance, and directly proportional to the velocity ratio. This is consistent with the tendency of the critical mole fraction and flame length at flame extinction. The global strain rate for the transition from a shrinking flame disk to a flame hole increases with decreasing burner distance and with increasing velocity ratio. global strain rate in terms of (a) burner distance at a velocity ratio of 2 and (b) velocity ratio at a burner distance of 20 mm.
Our study so far has shown the important contribution of radial conduction heat loss to flame extinction and edge-flame oscillation for low strain rate flames in zero and normal gravity. These results suggest that the use of the terminology radiative extinction for low strain rate flame should be corrected to indicate flame extinction due to multidimensional heat losses. Figure 13 shows the variation of the upper burner wall temperature at extinction with the global strain rate according to the velocity ratio at burner distances of 15.0 and 20.0 mm. The upper burner wall temperature decreased as the velocity ratio, global strain rate, and burner distance increased, except for a velocity ratio of 2. The upper burner wall temperature increased and then decreased as the global strain rate increased at a velocity ratio of 2 and a burner distance of 15.0 mm. This means that the direction of conductive heat flux is modified by the buoyancy and raises the possibility that the contribution of axial and radial conduction heat losses may have a complicated interrelationship in normal gravity. The precise explanation in Fig. 5b should perhaps be given in the tangential and normal directions along the flame surface. However, the differences among the axial and radial directions and the tangential and normal direction to the flame surface are not particularly large. As shown in Fig. 5b for the outer flame edge, the axial convection velocity term is negligible and the variation in the radial convection term according to the flame length is caused by the accumulation effects of radial convective heat transfer from the hot flame surface. This is because the flame temperature decreases outwardly along the flame surface. If the variation in the radial heat convection term is relevant to buoyancy effects since the variation in flame length may modify the direction forward to the burner (the lapse time in the figure can be replaced by the flame length), the radial conduction term should also vary considerably. Furthermore, Fig. 5b shows that the radial and axial conduction heat loss terms change little. In general, the maximum flame temperature as an indicator of flame strength, based on one-dimensional flame response, is determined by the balance between the chemical energy and the conduction heat loss normal to the flame surface. Additive heat loss, such as radial conduction, therefore reduces the flame strength. Buoyancy effects may then be less effective in flame extinction and edgeflame oscillation. Therefore, radial conduction heat loss caused by the radial temperature difference between the outer edge of the flame and the ambient conditions could predominate in normal gravity. 
CONCLUSION
Experiments and numerical simulations of low strain rate methane -air counterflow flames diluted with nitrogen were conducted to clarify the flame characteristics of a shrinking flame disk by varying the burner distance, global strain rate, and velocity ratio. The following conclusions were obtained. Numerical simulation in zero and normal gravities showed that the edge flame of a flame disk oscillated even in zero gravity. This edge-flame oscillation occurred even at fuel Lewis numbers less than unity with the help of appreciable heat loss, which is directly relevant to radial conduction heat loss as confirmed by the analysis of the energy fraction. For the oscillating flame in zero gravity, the chemical energy term was balanced mainly by the axial conductive heat flux term at the flame center. However, at the flame edge, the chemical energy term was balanced mainly by the axial conduction heat flux term and also significantly by the radial conduction heat flux term. The radial conduction heat loss at the flame edge contributed to the edge-flame oscillation in zero and normal gravity. Flame extinction and edge-flame oscillation thus cannot be explained by one-dimensional flame behavior but are affected by multi-dimensional effects such as radial conduction heat loss.
The experiments in normal gravity demonstrated that flame extinction and edgeflame oscillation were also largely affected by radial conduction heat loss. This was well described by the effects of burner distance and velocity ratio, and was also consistent with the tendencies of flame length and flame temperature gradient. An increase in burner distance and a decrease in velocity radio increased the critical nitrogen mole fraction at flame extinction and reduced the regime of edge-flame oscillation. Numerical results showed that the axial and radial conduction heat loss terms did not change very much, and axial convection heat loss was negligible according to the continuously varying flame length. Moreover, the variation in the radial convection term according to the flame length was caused by the accumulated effects of heat transferred from the flame center due to the negative temperature gradient of low strain rate flame. The flame strength, based on one-dimensional flame response, was then determined by the balance between the chemical energy and the conduction heat loss normal to the flame surface. Additive heat losses, e.g., radial conduction heat loss, reduced the flame strength. Therefore, buoyancy effects might be less effective in flame extinction and edge-flame oscillation, which are closely related to flame strength. Consequently, the radial conduction heat loss could be the key factor responsible for flame extinction and edge-flame oscillation, particularly for large velocity ratios and small burner distances in normal gravity.
